In two experiments, we examined the impact of the degree of match between sequential auditory perceptual organization processes and the demands of a short-term memory task (memory for order vs item information). When a spoken sequence of digits was presented so as to promote its perceptual partitioning into two distinct streams by conveying it in alternating female (F) and male (M) voices (FMFMFMFM)-thereby disturbing the perception of true temporal order-recall of item-order was greatly impaired (compared to retaining item-identity). Moreover, an order error-type consistent with the formation of voice-based streams was committed more quickly in the alternating voice condition (Experiment 1). In contrast, when the perceptual organization of the sequence mapped well onto an optimal two-group serial rehearsal strategy-by presenting the two voices in discrete clusters (FFFFMMMM)-order, but not item, recall was enhanced (Experiment 2). The results are consistent with the view that the degree of compatibility between perceptual and deliberate sequencing processes is a key determinant of serial short-term memory performance. Alternative accounts of talker variability effects in STM based on the concept of a dedicated phonological short-term store and a capacity limited focus-ofattention are also reviewed.
demonstrated that when successive items are presented in different voices, serial recall is impaired appreciably (Goldinger et al., 1991; Hughes et al., 2009; Greene, 1991; Martin et al., 1989; Nygaard, Sommers, & Pisoni, 1995) . For example, when a male and female voice are alternated, serial recall of digit lists is far poorer than when one of the voices delivers the entire list (Greene, 1991; Hughes et al., 2009 ).
We have recently garnered evidence for the view that the benefit of voicesingularity on serial recall is related to auditory perceptual organization processes (Hughes et al., 2009) . These refer to the obligatory processes that serve to integrate, or otherwise partition, successive auditory stimuli into streams according to whether or not they share a common origin, based on Gestalt principles such as similarity of pitch, timbre, 'good continuation' and so forth (e.g., Bregman, 1990; Macken, Tremblay, Houghton, Nicholls, & Jones, 2003) . For instance, when two tones that are particularly distinct from one another in pitch-and hence unlikely to have originated from the same source-are alternated (e.g., ABABABAB...), the sequence tends to be partitioned perceptually into two interleaved streams defined by pitch (i.e., AAAA and BBBB; Bregman & Rudnicky, 1975; Miller & Heise, 1950; Van Noorden, 1975) . Importantly, it is well established that the serial order of elements within a stream is relatively easy to discern but it is notoriously difficult to perceive the order of elements that belong to different streams (e.g., Bregman & Campbell, 1971; Van Noorden, 1975) . In Bregman's (1990) words, "the listener loses the finer details of the temporal relation between sounds that are in different streams and focuses instead on the temporal relations that exist among the elements of the same stream" (p. 143).
From this standpoint, serial recall items that are delivered in the same voice, given their shared pitch-range, timbre, and so on, are likely to be organized obligatorily into a single coherent stream such that there would be little ambiguity, in perceptual terms, Role of Serial Order 5 regarding their serial order (Bregman & Rudnicky, 1975) . As such, the perceptual organization of a single-voice list yields order cues that are compatible with the strict serial order demands of the task. Voice alternation may cause an ambiguity as to the serial order of the items because the tendency for items to be streamed automatically by spectral similarity means that the order of non-adjacent items-those in the same voice-may be more readily perceived than (or as readily perceived as) the order of adjacent items (Bregman & Rudnicky, 1975) . Thus, the perceptual organization of the list in such a condition is incompatible with the requirement to reproduce the items in strict serial order (Hughes et al., 2009) . Evidence for the perceptual-organization based account includes the finding that factors known to promote perceptual segregation accentuates the damaging effect of voice alternation: If a (not to-be-recalled) lead-in of items is presented in one of the voices conveying an ensuing to-be-remembered (TBR) list of digits presented in alternating voices (e.g., Lead-in: MMMMM followed by TBR list: MFMFMF), the effect is larger than in the absence of the lead-in (Hughes et al., 2009, Experiment 1) . This accentuation does not occur if the lead-in is in a different voice from those conveying the following list (Hughes et al., 2009, Experiment 2) . Such effects are also readily explained by principles of streaming: The lead-in of M items serves to establish a stable stream into which the same-voice M items in the subsequent to-be-remembered list can be assimilated thereby more readily perceptually 'throwing out' the F items into their own, separate, stream (Anstis & Saida, 1985; Rogers & Bregman, 1993) .
A further prediction of the perceptual-organization based account tested here is that the voice alternation effect should be evident to the extent that the STM task requires the recall of order information; tasks that only require memory for individual item information should not be so affected by the manner in which the items are ordered by obligatory streaming processes. In the present study, therefore, we vary the degree to which the Role of Serial Order 6 memory task involves order recall as well as varying whether the passive perceptual organization of the sequence is at odds with (Experiment 1) or compatible with (Experiment 2) serial order retention.
To date, there exists only scant and equivocal evidence pertaining to whether varying the talkers conveying a list impairs memory tasks that do not require order recall.
For example, Watkins and Watkins (1980) found impaired recall of early list items in a talker variable condition (in which each item was conveyed in a unique voice) under free recall instructions whereas Martin, Mullennix, Pisoni, and Summers (1987, cited in Goldinger et al., 1991) found that ordered-but not free-recall was poorer with multiplevoice presentation. To complicate matters further, despite the fact that, nominally, free recall allows recall of items in any order, participants tend nevertheless to adopt a serial rehearsal strategy to perform at least part of the task (Bhatarah, Ward & Tan, 2008; Beaman & Jones, 1998) . Thus, the free recall task does not hermetically isolate item from order retention processes and hence this evidence is moot with regard to whether talker variability affects non-order based tasks. Moreover, the talker-variable condition in all these studies involved presenting each item in a unique voice, a procedure that may have implications quite distinct from those flowing from two voices alternating (see General Discussion). To our knowledge, the present study is the first to contrast directly the impact of voice alternation on order-and item-based memory tasks.
In the present experiments, we use two tasks that are identical in terms of both what is presented and their response-output requirements but only one task requires the retention of serial order (probed order recall; e.g., Murdock, 1968) ; the other task is thought to require only the retention of item, and not serial order, information (missing-item task; e.g., Buschke, 1963; Buschke & Hinrichs, 1968) . In the missing item task, all but one item from an over-learned closed set are presented in a random order (e.g., different random Role of Serial Order 7 permutations of eight items from the set 1-9) and the task on each trial is to identify which item was left off the list. Whereas this task involves memory for each item presented-so as to determine which of the set was not-it does not require the retention of the particular random order in which they occurred (Buschke, 1968; Klapp, Marshburn, & Lester, 1983) .
Accounts of missing item recall thus tend to appeal to processes involved in judgments of individual item familiarity (or more accurately, unfamiliarity)-which may be supported by a scan of the long-term memory representation of the ordinal sequence (see, e.g., Buschke & Hinrichs, 1968; Humphreys & Schwartz, 1971 )-rather than processes relating to order within the presented sequence.
The probed order recall task involves the same presentation conditions and output requirements as the missing-item task (the latter feature making it a better comparisontask than serial recall; Beaman & Jones, 1997) but, at test, one item from the justpresented list is re-presented and the item that followed it in the list must be reported. In this task, therefore, the serial order of the presented items is clearly critical. Independent corroboration for this assumption comes from the fact that probed order recall (like serial recall) is sensitive to disruption by variables thought to impair serial order processing such as changing-state irrelevant sound (e.g., Jones & Macken, 1993) and articulatory suppression (e.g., Macken & Jones, 1995) whereas the missing-item task is immune to these variables (Beaman & Jones, 1997; Hughes, Vachon, & Jones, 2007; Jones & Macken, 1993; Macken & Jones, 1995; Klapp et al., 1983; Macken & Jones, 1995) .
Experiment 1
We begin the series by examining a situation in which the products of perceptual organization should be incompatible with strict serial reproduction and hence should result in an impairment of probed order recall as compared to missing-item recall.
Participants were required to undertake both tasks under conditions of single-and Role of Serial Order 8 alternating-(female-male) voice presentation. We predicted that voice alternation-a presentation format that tends to promote the perceptual organization of items by voice (Hughes et al., 2009 ) and hence an organization that is incompatible with the true temporal order of the items-will impair probed order recall as compared to missing item recall.
Method Participants
Twenty-six participants from Cardiff University took part each of whom reported normal or corrected-to-normal vision and normal hearing.
Apparatus and Materials
The memory lists comprised eight digits taken from the 9-item set 1-9. Each item was recorded twice: once in a female voice and once in a male voice and sampled with a 16-bit resolution at a sampling rate of 44.1KHz using Sound Forge 5 (Sonic Inc., Madison, WI; 2000) . The female and male voices were clearly distinct due to differences in fundamental frequency and timbre and within each voice, the items were spoken at an approximately even pitch. Each item was edited to 250 ms in duration using the same software. For each list, the digits were presented in a different quasi-random order with the constraint that that there were no more than two ascending or descending runs of two or more digits (e.g., 2-3 or 7-6) within a given list and that there were no runs of 3 or more digits. This was also the case for non-adjacent items (e.g., those in positions 1 and 3) so that in alternating-voice lists there were no more than two 2-digit runs within a given voice in a given list. The lists were presented at approximately 65-70 dB(A) over stereo headphones with an inter-stimulus interval (ISI; offset to onset) of 100 ms. The stimuli were presented using the SuperLab software (Cedrus Corporation).
Design
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There were two repeated-measures factors: 'List-type' (single-vs alternatingvoice presentation) and 'Task' (missing item or probed order recall). In one block of trials, the task was to identify and recall the missing item whereas in the other block, one item (a 'probe') was presented from the list and participants were required to recall the item that followed it in the list. Within each block, there were 18 trials in which all items were presented in the same voice (9 all-female lists; 9 all-male lists: the 'Single' condition) and 18 trials in which the lists were presented in an alternating voice fashion (9 starting with a female item, 9 with a male item: the 'Alt' condition). Within each block, no trial-type was presented more than twice in succession. For the missing-item task, for each 18 trials within each voice condition each of the nine possible digits was missing twice. In order to have an equal number of trials per task per condition (18), for the probed task some positions had to be sampled more frequently than others: each of the seven positions (2-8) was probed at least twice but positions 5 and 6 were probed four times each (to pre-empt the results, this extra sampling of some positions in the probe task did not affect the pattern of data). Within these constraints, the missing/probed item was chosen randomly for each trial. The order in which the two Task-type blocks were undertaken was counterbalanced across participants. There were two practice trials (1 Single, and 1 Alt) preceding each block.
Procedure
Participants were tested in groups of up to four in a sound-attenuated room with each participant placed in a separate cubicle with its own PC and headphones. For the missing-item block, 50 ms after the offset of the last item, "which item was missing?" appeared on screen. Participants had 10 s to indicate-using the numberpad on the keyboard-the digit they thought was missing from the just-presented list. For the probed order recall block, "which item followed x?" appeared where x represents one of the Role of Serial Order 10 digits presented in the just-presented list. Again, participants had 10 s to respond using the numberpad. As soon as a response was made, or after the 10 s time-limit, a 200 ms tone sounded to signal that the first digit of the next list was imminent. The experiment lasted approximately 20 min. Figure 1 shows the percentage of responses in which the missing item (for the missing-item task), and correct digit given the probe (probed order recall), were identified in each List-type condition. There was a main effect of List-type, F(1, 25) = 55.14, MSE = .009, p < .01, and Task, F(1, 25) = 10.14, MSE = .022, p < .005, and, most importantly, a reliable interaction between List-type and Task, F(1, 25) = 11.40, MSE = .009, p < .005, reflecting the fact that the impairment due to voice alternation was much larger in the probed order recall task. Simple effects analyses (LSD) showed that the missing-item task (p < .01) and the probed order recall (p < .001) task were nevertheless both impaired to some extent by voice alternation.
Results and Discussion
In a supplementary analysis, we checked whether or not the extra sampling of some positions in the probe task had any influence on the results. We omitted the data from trials in the probe task in which a position was being sampled for the third or fourth time so that each position, as for each missing item, was sampled just twice and did indeed obtain the same pattern of results, with mean correct recall in the probe task being 55.2% (SE = 3.44;
Single voice) and 33.5% (SE = 2.67; Alt voice). It is also worth noting that there was no difference in performance across the two tasks in the baseline (i.e., single voice) condition, p = .45 (p = .81 using even-sampling in the probe task). This helps to rule out any interpretation of the differential sensitivity of the two tasks to the impact of voice alternation in terms of differences in task difficulty.
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During the peer review process, it was suggested that if, as we suppose, voicebased streaming occurs in the alternating voice condition and is responsible for the impairment in the probe task, an error-type whereby the next-but-one-item is outputthat is, the item that in the alternating voice condition would be the next item in the same voice as that which conveyed the probe item-should be disproportionately represented among the errors made in that condition compared to the single voice condition. Based on the even-sampling version of the probe task analysis, the proportion of errors accounted for in terms of next-but-one-item responses was indeed greater in the alternating-voice condition (M = .32; SE = .032) than in the single-voice condition (M = .24; SE = .037) but this difference did not reach significance (p = .12). On reflection, however, it is plausible that this may not be a very sensitive test because a next-but-one-item response is an immediate transposition error (i.e., an exchange between the correct item and the next item), easily the most common class of serial order error (cf. Henson, 1998) . That is, this analysis may not be sufficiently sensitive to reveal a real difference due to the fact that other serial order errors ('distant transposition errors') are relatively rare. However, we also examined whether next-but-one-item responses in the probe task were output more quickly in the alternating voices condition (with reaction time recorded from the onset of the response display). This analysis does not suffer from the same shortcoming as the error analysis because it involves comparing reaction time to respond with the same item across conditions. The analysis of the reaction time (RT) data from the probe task (again using an even sampling of probed positions) revealed that next-but-one-item responses were indeed output more quickly in the alternating-voice condition (M = 2.48 s; SE = .13) than in the single voice condition (M = 3.26 s; SE = .27), t(1, 17) = 2.21, p < .05 (note that this RT analysis involved the data from only the 18 participants from our sample of 26 that made at least one next-item response and at least one next-but-one-item Role of Serial Order 12 response). We also found that the opposite was the case for outputting the correct response: when the correct response was output in the alternating voice condition-which would, on our account, involve switching from one stream to the other-it was output more slowly (M = 2.75 s; SE = .12) than in the single voice condition (M = 2.62 s; SE = .11). Although this latter difference on its own was not reliable (p = .18), the interaction between Voice condition and Serial position [next item (i.e., the correct response) vs next-but-one-item] was indeed significant F(1, 17) = 5.86, MSE = 717027.13, p < .03. In sum, the next-but-one-item (an error) was more quickly accessible, and the next item (the correct response) somewhat less quickly accessible, in the alternating voice condition than in the single voice condition.
No specific predictions were made about how the voice alternation effect might vary according to serial position. However, for the sake of completeness, Figure 2 , panel A, plots the data obtained from the probe task (again, with even sampling) according to Listtype across each probed item (i.e., items 2 to 8). This indicates that the impairment from voice alternation is apparent throughout the curve except for the last two positions. Whilst the reason for this absence of an effect at recency is not clear, we note that a similar pattern-the elimination at recency of an impairment found at pre-recency-has been observed previously in studies using a similar, position-probe, task (e.g., 'what was the item in position 3?'; Avons, Wright, & Pammer, 1994; Elvevag, Fisher, & Goldberg, 2002) . A repeated-measures ANOVA confirmed this impression of the data: There was a main effect of List-type, F(1, 25) = 33.265, MSE = .11, p < .001, a main effect of Serial position, F(6, 150) = 3.181, MSE = .11, p < .01, and an interaction between List-type and Serial position, F(6, 15) = 3.44, MSE = .11, p < .01.
For the missing-item task, it is not possible to generate a 'standard' serial position function because the missing item does not of course have a serial position. However, a Role of Serial Order 13 function can be generated that represents the frequency of errors of commission for each serial position, that is, errors are plotted according to the position in the presented list of the (erroneously) outputted item. Thus, given the list '37915264', outputting the item '1' (instead of the missing item, '8') would be scored as an error at serial position 4 (see Buschke & Hinrichs, 1968; Hadley, Healy, & Murdock, 1992) . Figure 2, The results of Experiment 1 are in line with the view that the compatibility between the products of perceptual organization and the true temporal order of the items places a key constraint on auditory-verbal serial STM performance: the impairment caused by voice alternation was appreciably and significantly larger in a task requiring serial order retention (probed order recall) than a task that is identical in terms of stimulus-presentation and output demands but is not thought to rely on serial order Role of Serial Order 14 processing (missing-item task; e.g., Beaman & Jones, 1997) . A more detailed examination of error and RT data from the probe task revealed further evidence consistent with the idea that the items were perceptually organized by voice in the alternating voice condition: the next-but-one-item was more accessible in the alternating voice condition (i.e., when that item would be the next within-stream item) than in the single voice condition, both in the form of a numerical trend for greater frequency of outputting this (erroneous) item in the alternating voice condition and, more compellingly in statistical terms, the significantly greater speed with which that error was committed, especially when considering the fact that the speed of outputting the correct response was numerically slower in that condition.
In sum, Experiment 1 suggests that a mismapping between perceptual organization and the actual serial order of the items has a marked impact on serial STM performance. Whereas in that experiment our approach was to examine the consequences of a mismatch between passive perceptual organization and serial order requirements, in Experiment 2 we take the inverse approach: We examine a setting in which perceptual organization should map particularly well onto an effective serial rehearsal strategy and predict, therefore, a facilitation rather than impairment of probed order recall. A subsidiary issue addressed in this experiment was why missing-item recall still showed some degree of impairment from voice alternation.
Experiment 2
There is ample evidence that rehearsing a list in two temporally-separated groups (e.g., 5714-8263) enhances serial recall (e.g., Ryan, 1969) . In Experiment 2, we varied the talkers presenting an auditory-verbal list in such a way as to induce a perceptual organization that would map well onto this particularly effective two-discrete-groups strategy. Specifically, we again presented the eight items in two voices but this time in Role of Serial Order 15 two clusters (i.e., MMMMFFFF) rather than alternately. Such a separated-voices presentation format has already been shown to promote temporal grouping within the rehearsal plan and to facilitate serial recall (Frankish, 1985 (Frankish, , 1989 Parmentier & Maybery, 2008) , thus it is reasonable to expect probed order recall to also benefit from this compatible mapping between perceptual organization and an effective serial rehearsal strategy. The novel aspect of the experiment is that we again contrast the effect of this form of talker variability on probed order recall with that on the missing-item task, our expectation being that missing item recall should not be so influenced by whether or not auditory perceptual organization maps well onto a two-discrete-group serial rehearsal strategy. There is already some evidence that lends credence to this expectation: Missingitem identification with visual presentation is not facilitated when such rehearsal grouping is promoted by presenting the list in two temporally-defined groups (Klapp et al., 1983) .
Whilst the key result from Experiment 1 was that probed order recall was impaired to a greater degree by voice alternation than the missing-item task, Experiment 2 allows us also to examine two accounts of why the missing-item task was disrupted at all. One possibility is that even though the missing-item task does not nominally require the retention of order, a serial rehearsal strategy may nevertheless be used to some extent (Norris, Baddeley, & Page, 2004 ; see also Beaman & Jones, 1998 , for a discussion of the same issue in the context of free recall) thereby leaving it vulnerable to some influence of a mismatch between passive perceptual organization and actual item order. Another possibility, however, is that in the context of missing-item recall, it is not the voice alternation per se that impairs performance but rather the fact that the list does not constitute one homogenous set. That is, with two-voice lists, there is always more than one item missing from within each voice (or each sub-set; i.e., each voice only conveys 4
Role of Serial Order 16 of the possible 9 items that could be presented). It seems plausible that during the search at test for which item is relatively unfamiliar (cf. Buschke, 1963) , the heterogeneity (in terms of input-voice) creates an uncertainty as to whether a given candidate for the missing item was only missing from one of the voice-sets or whether it was indeed missing from the entire list.
The use of two discrete-voice-groups (MMMMFFFF) in Experiment 2 should allow us to adjudicate between these two accounts: If missing-item recall was impaired in Experiment 1 due to a heterogeneity problem not a mismatch between perceived and actual order, then we should again see an impairment (compared to single-voice presentation) in this task in the two separated-voices condition because the heterogeneous list problem would remain. This would be in contrast to the facilitation we expect for probed order recall in the separated voices condition. If, however, the impairment from voice alternation of missing-item identification was due to some use of serial rehearsal, both missing-item identification and probed order recall should show some enhancement in the separated voices condition.
Method Participants
Twenty Cardiff University students, all reporting normal hearing and normal or corrected-to-normal vision, took part. None had participated in Experiment 1.
Apparatus and Materials, Design, and Procedure
All these aspects of the methodology were identical to those of Experiment 1 except that the talker-variable condition on this occasion was a separated-voices condition whereby one voice (female or male) conveyed the first four digits whilst the other voice conveyed the last four digits (which voice-female or male-conveyed the first four was counterbalanced).
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Results and Discussion Figure 3 single-and separated-voices conditions differed from one another in both the missingitem (p < .05) and the probed order recall (p < .001) tasks but, critically, in opposite directions. As in Experiment 1, the same pattern was found with even-sampling in the probe task, with mean probed recall being 54.6% (SE = 4.12, Single voice) and 71.8% (SE = 2.51, Alt voice).
Again, there was no difference between tasks in the single-voice condition, p = .82 (p = .34 using even-sampling in the probe task). Further evidence in line with our contention that the key precondition for disruption of missing-item recall is the presence of two voices, not the particular manner in which they are arranged, was that the degree to which this task was impaired by separated voices was comparable statistically to the degree to which it was impaired by voice alternation in Experiment 1: Taking the data from only the missing-item task from both experiments, there was no interaction between List-type (single vs multiple voice) and 'Experiment', F < 1.
As in Experiment 1, for completeness we analyzed the probe data and also the frequency of errors of commission in the missing-item task for each serial position (Panels A and B, respectively, in Figure 4 ). The probe data indicate that the benefit of separated voices is apparent throughout most of the curve but seems to have been driven
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particularly by an advantage at the boundary marked by the change in voice after four items (i.e., probed position 5). This pattern may reflect the same "mini-primacy" effect found for sub-groups within grouped serial recall lists (e.g., Frankish, 1985) . A repeatedmeasures ANOVA revealed a main effect of List-type, F = 37.09, MSE = .051, p < .001, a main effect of Serial position, F = 7.314, MSE = .12, p < .001, and a significant interaction between these two factors, F = 2.44, MSE = .091, p < .05. Moreover, the impact of talker variability on errors of commission again tends to be one of accentuating the likelihood of erroneously selecting mid-list items. There were significant main effects of List-type, F(1, 19) = 6.40, MSE = .26, p < .05, and of Serial position, F(7, 133) = 6.979, MSE = 1.26, p < .001. Unlike in Experiment 1, the interaction of these two factors was not significant; however, the absence of a three-way interaction between Experiment, List-type, and Serial position, F(7, 308) = 1.5, MSE = .99, p > .05, tends to militate against placing too much theoretical weight on this discrepancy.
The facilitative effect of separated-voices on probed order recall is consistent with numerous studies showing the benefits of grouping on serial recall (e.g., Frankish, 1985 Frankish, , 1989 Ryan, 1969; Parmentier & Maybery, 2008) . We suggest that this results from, on this occasion, a compatibility in the mapping between perceptual organization and an effective serial rehearsal strategy. Moreover, the fact that missing-item identification is impaired (and to a comparable extent) by the presence of two voices regardless of how talker variability is implemented (i.e., alternating or separated) suggests that the Role of Serial Order 19 underlying mechanism for the impairment found in this task due to talker variability (Experiment 1) is qualitatively distinct from that found in order recall tasks.
The novel finding that missing-item identification is also impaired by talker variability to some extent regardless of the way in which the different voices are arranged seems consistent with the view that missing-item identification is based on an item (un)familiarity judgment (Buschke, 1963 , Buschke & Hinrichs, 1968 : it is reasonable to suppose that such a judgment would be more difficult when there is an ambiguity as to whether an item is unfamiliar in just one of two input voices or is unfamiliar regardless of voice (i.e., is missing from the entire list). If this interpretation is correct, then a further broader implication of these results is that the physical (e.g., pitch, timbre) or/and indexical (e.g., accent, gender) characteristics of the spoken items seems to be retained, in line with episodic, as opposed to abstractionist, views of memory (Goldinger, 1998; Port, 2010) . If verbal items were represented purely in terms of idealized, abstractphonological, codes, it is difficult to see why performance would be influenced by such precategorical attributes. At the very least, it seems that the manipulation of talker variability may provide a valuable tool to investigate in more detail how the missing-item task is performed.
General Discussion
To summarize, Experiment 1 showed that voice alternation impairs a STM task calling for serial order retention (probed order recall) to a much greater degree than a task that calls for item but not order retention (missing item task). This is in line with the view that the perceptual organization of alternating voices into voice-based streams yields order cues that are incompatible with the requirement to recall the order of items as presented (Hughes et al., 2009) : When the task does not require order recall, those order cues become immaterial. Further analysis of errors and RT data from the probe task in Role of Serial Order 20 Experiment 1 provided some novel evidence for by-voice organization: An error-type whereby the next-but-one-item was output instead of the next item was made more quickly in the alternating voice condition, that is, when the next-but-one-item would be the next item within the same voice-based stream as that which conveyed the probe item.
In a complementary fashion, Experiment 2 showed that with separated-voices presentation-in which perceptual organization maps well onto an effective serial rehearsal strategy-probed order recall, but not missing-item recall, is facilitated. Indeed, missing item recall was again impaired by talker variability in this experiment, suggesting that the impairment to this task by voice alternation in Experiment 1 was not related to stream segregation but more likely due to an ambiguity as to whether the critical item was missing from the entire list or missing from only one of the (voice-defined) sub-sets.
Whilst further work will be required to evaluate this account of the effect of talker variability on missing item recall, the focus for the remainder of our discussion will be on considering its effect on order-based tasks in the context of three broad approaches to serial STM.
A Perceptual-Gestural Account
The perceptual-organization based account of the effects of talker variability on order recall can be set within the broader view that serial STM performance reflects constraints on general-purpose perceptual and motor sequence-planning processes and the mapping between these processes. This perceptual-gestural view (Hughes et al., 2009; Jones, Macken, & Nicholls, 2004; Jones, Hughes, & Macken, 2006 , 2007 Macken & Jones, 2003) supposes that the assembly of a co-articulated motor analogue (articulatory in the case of verbal material) of the list is the primary vehicle by which order cues are grafted onto the to-be-remembered material to support its short-term retention and reproduction. From this standpoint, serial rehearsal in STM tasks is akin to a covert Role of Serial Order 21 simulation (or forward model; cf. Grush, 2004) of those bodily movements that are best placed to mimic the presented material. Thus, vocal-articulatory movements will tend to be deployed with verbal materials because the participant will typically already be endowed with the vocal-articulatory skills for reproducing written or heard language.
Similarly, voluntary eye movements may be the main vehicle by which visuo-spatial sequences are retained (e.g., Tremblay, Saint-Aubin, & Jalbert, 2006) . A motor analogue is needed to serve as 'carrier' in this way because order cues are impoverished in the serial verbal STM list due to the absence, by design, of the syntactical and semantic structure that usually provides such cues in everyday verbal sequences or, likewise, the absence of recognizable shapes (e.g., a square) in visuo-spatial serial STM tasks. Thus, for verbal lists, paralinguistic aspects of the skill of speech planning such as coarticulation (e.g., Farnetani & Recasens, 1999; Woodward, Macken, & Jones, 2008) and prosody (e.g., Reeves, Schmauder, & Morris, 2000) are co-opted in an opportunistic fashion so as to embellish the presented material with cues to the order of successive events 1 .
Set within this framework, the disruptive effect of voice-alternation on probed order recall (Experiment 1) and serial recall (Hughes et al., 2009 ) may be understood in terms of a difficulty in mapping the products of an involuntary, perceptual sequencing, process (e.g., Bregman, 1990 ) onto a controlled, motor sequencing, one (e.g., Rosenbaum, 1991). In line with forward models of motor control, the perceptual-gestural account assumes that the uploading of the sequence of elements comprising the motor program proceeds in real-time and at a speed that is constrained by the effectormovements (those of the vocal tract in this case) being simulated, as has been shown in other motor domains (e.g., Decety, Jeannerod, & Prablanc, 1989; Reed, 2002) . It follows that when the elements of the program are dictated by external input (as opposed to Role of Serial Order 22 elements from long-term memory)-as is the case in serial STM tasks-there are likely to be settings in which the structure or organization of the input is not conducive to this timely 'pick-up' of items in the correct, to-be-co-articulated, sequence. We argue that voice alternation is one such setting, where fast, automatic, streaming processes yield sequential information that is at odds with, or is at least ambiguous in relation to, the true temporal order of the items. Conversely, a perceptual organization that promotes the imposition of prosodic boundaries within the motor-plan (Experiment 2) facilitates order recall by providing strong order cues for items at the group-boundaries thereby minimizing erroneous exchanges of elements of the speech-plan that traverse those boundaries (see, e.g., Dell, 1984; Henson, 1998; Parmentier & Maybery, 2008) .
Whilst the present results are broadly consistent with a perceptual-gestural approach, it is important to acknowledge that the experiments were not designed specifically to rule out other possible accounts of talker variability effects in serial STM.
However, coupled with the findings of Hughes et al. (2009) , there seems now to be a sufficient body of data to begin adjudicating between different accounts. We now therefore consider in some detail two other theoretical approaches, one based on the concept of a distinct phonological short-term store (e.g., Baddeley, 1986 Baddeley, , 2007 and another on the notion that a limited-capacity focus of attention plays a central role in STM (e.g., Cowan, 1995 Cowan, , 2001 ).
Phonological Store-Based Accounts
Some previous accounts of talker variability effects in serial STM have appealed to item-level processes (Goldinger et al., 1991; Martin et al., 1989) and are couched in terms of the phonological loop component of the Working Memory model (Baddeley & Hitch, 1974 ; for more recent accounts, see Baddeley, 2007; Baddeley & Larsen, 2007) rather than perceptual sequence-organization processes as emphasized here. For example, Role of Serial Order 23 Martin et al. (1989) suggest that with a multiple-voice list there may be a cost associated with discarding the task-irrelevant variation in the voice (e.g., pitch, accent) conveying each successive item as part of a speech normalization process (cf. Pisoni, 1997) .
Conversely, Goldinger et al. (1991) suggest that the cost may be due to an obligatory incorporation of the variation in voice. Specifically, these accounts suggest that the delay in processing each item during encoding or/and rehearsal decreases the probability of the items being transferred to a more durable long-term store from where they need to be retrieved, due presumably to the delay allowing more opportunity for the items to decay and be lost from the passive phonological short-term store (cf. Baddeley, Thomson, & Buchanan's, 1975 , account of the word-length effect).
From one standpoint, it may not be appropriate to expect these particular phonological store-based accounts (Goldinger et al., 1991; Martin et al., 1989) to apply to our present and recent findings (cf. Hughes et al., 2009 ). The accounts are based on studies using a relatively long list of words (10 items) and in which the words were different for each trial. In contrast, we have used a more standard serial STM task involving a relatively short (8-item) list comprising items from a small restricted set (present study; Hughes et al., 2009 ; see also Greene, 1991 ). An explanation based on failure of the transfer of items from short to long-term stores due to item-processing costs (Goldinger et al., 1991; Martin et al., 1989 ) may therefore apply with long lists and where there is a heavy burden on item (as opposed to order) recall but the applicability of this approach to studies using shorter lists in which order, not item, recall dominates is less apparent. From another standpoint, however, an item-processing cost approach to the standard paradigm may indeed be viewed as reasonable in light of the fact that, in the phonological loop model, a similar explanation is offered for the word-length effect (which is typically based on studies with short, closed-set, lists, e.g., Baddeley et al., Role of Serial Order 24 1975) . This effect has also been explained in terms of an item-processing cost on this approach: Having to encode and rehearse long compared to short words allows greater opportunity for decay and hence loss of items from the phonological store (Baddeley et al. 1975) , as is supposed also for multiple-compared to single-voice items (e.g., Goldinger et al., 1991) .
Assuming that an item-processing cost approach can, in principle, be applied more broadly, how well does such an approach fare? A distinct strength of the itemprocessing cost approach-particularly the voice incorporation account (Goldinger et al., 1991 )-is that it provides an explanation for the finding that recall of lists in which each item is presented in a unique voice is better than that of single-voice lists when the rate of presentation is slowed down markedly (to one item per 4 s; Goldinger et al., 1991) .
According to Goldinger et al. (1991) , the delay associated with retaining the idiosyncratic voice information exerts a cost at relatively fast rates but that same information can serve as an additional cue, at retrieval, to each item's identity if the time pressure is lifted through use of a very slow presentation rate and hence can benefit recall.
However, whereas item-processing costs (and benefits at slow presentation rates) may play a role when there is a heavy burden on recalling item identity such as was the case in the procedure of Goldinger et al. (1991) and Martin et al. (1989) , such an approach does not fare so well in relation to talker variability effects found in more standard serial STM tasks (present study; Greene, 1991; Hughes et al., 2009 ). The studies of Goldinger et al. (1991) and Martin et al. (1989) , as with early studies using free recall (Watkins & Watkins, 1980) , involved each item being spoken in a unique voice whereas the studies in which we have found an impairment to serial STM due to multiple-voice presentation (Hughes et al., 2009 ; present Experiment 1; see also Greene, 1991) Talker variability effects in serial STM may, however, be better accommodated by a phonological-store based approach that acknowledged a more central role for auditory streaming in serial STM. Whilst acoustic-sensory processing has, historically, been viewed as "peripheral to the working memory system" (Baddeley, 1986, p. 95) , one contemporary computational instantiation of the phonological loop-the primacy model-has indeed already appealed to such processes in relation to the effects of Role of Serial Order 26 presentation modality (Page & Norris, 1998) and irrelevant sound (Page & Norris, 2003) .
On the primacy model, item order is represented by a primacy gradient of item activation strengths and thus it might be argued that voice alternation modulates the representation of order in the phonological store by setting up two interleaving primacy gradients, one representing each voice-based stream. The cost to strict serial order recall might follow from having to switch between the two gradients at retrieval. Another possibility is that perceptual organization by voice results in two competing sets of item-position cues (e.g., Burgess & Hitch, 1999) , one based on true temporal position and one based on withinvoice position, again thereby causing interference during retrieval from a phonological store rather than impairing the pick-up of items into a motor plan.
There are two strands of evidence that provide an initial challenge to the storebased accounts however. First, given that auditory input is assumed to gain obligatory access to the passive phonological store (e.g., Baddeley, 2007) , the effects of talker variability should still be evident when access to articulatory processes are impeded by articulatory suppression (as with the phonological similarity effect; cf. Baddeley et al., 1984) . However, there are data indicating that in fact articulatory suppression does indeed eliminate the damaging effect of talker variability effect on order recall (Chamberland, Chamard, Hodgetts, Jones, & Tremblay, 2009) . A second challenge relates to how talker variability might be expected to interact with phonological similarity. If talker variability is assumed to affect item-order cues within the phonological store, then this variable should not modulate another effect-the phonological similarity effect (the difficulty of recalling, e.g., 'B, C, D, E…' compared to 'K, F, R, Q…', e.g., Conrad, 1964)-that is assumed on these models to be located at a later and independent item-retrieval stage of recall (Page & Norris, 1998; Burgess & Hitch, 1999) . However, talker variability does indeed markedly diminish the phonological similarity effect (Hughes et al., 2009, Role of Serial Order 27 Experiment 4). Note that both the foregoing lines of evidence are consistent, however, with our proposal that the talker variability effect (and so too the phonological similarity effect in the absence of articulatory suppression; see Jones et al., 2004 ) is located ultimately in the articulatory sequence-planning process.
Attentional Cost Account
Another alternative approach to talker variability effects may be couched in terms of Cowan's (1995 Cowan's ( , 2001 embedded processes model of working memory. This model posits that performance of STM tasks relies in part on the ability to keep items active in a limited-capacity 'focus of attention', a sub-component embedded within a larger set of temporarily active and highly-accessible items from within permanent (or long-term)
memory. On this model, it might be suggested that voice alternation impairs probed order recall (Experiment 1) as well as serial recall (Greene, 1991; Hughes et al., 2009 ) because such a condition incurs an attentional cost: For example, rather than invoke perceptual streaming processes, it might be supposed that there is a delay involved in switching attention between voices (or frequency bands) as seems to be the case when items alternate between ears (e.g., Cherry & Taylor, 1954) , which may in turn lead to a greater likelihood of decay of already-encoded items from the limited focus of attention.
However, the same data that pose difficulties for the voice normalization (Martin et al., 1989 ) and voice incorporation accounts (Goldinger et al., 1991) are also problematic for this type of attentional account: For example, one might expect pre-exposure to the pattern of voice changes to, if anything, facilitate the attention-switching process and lead to less impairment, whereas pre-exposure to the pattern in fact increases the effect (Hughes et al., 2009 ). Moreover, having four different frequency-bands to switch between should, presumably, impede recall more than a setting in which attention needs to switch between just two voices changing in a highly predictable fashion. Thus, the fact Role of Serial Order 28 that two voices alternating are more damaging than four voices (Hughes et al., 2009 , Experiment 3) is also not readily accommodated within an attentional cost account.
However, it could be argued that whether or not the impairment due to voice alternation is appropriately characterized as an attentional cost depends on what is meant by the rather nebulous concept of 'attention'. On Cowan's model, attention seems to be construed as a distinct resource (cf. Kahneman, 1973) such that items in STM are lost if this resource is withdrawn for a sufficient time. However, within a perceptual-gestural mismapping account (Hughes et al., 2009) , the impairment could also be described as an attentional cost if selective attention is construed instead as the process of coupling object-based representations (e.g., 'streams' in the auditory domain) to motor skills (cf.
the selection-for-action framework; Allport, 1993; Houghton & Tipper, 1996; Hughes & Jones, 2005; Neumann, 1987) . In this view, the impairment may indeed be appropriately characterized as being due to having to switch attention between two objects generated by preattentive streaming processes. Moreover, the difficulty caused by the preattentive creation of two objects on this account is in uploading the items in the correct order into a motor sequence-plan, not the decay of item information. Again, the fact that order rather than item memory is particularly vulnerable to voice alternation (Experiment 1) seems to support this view.
Conclusions
Based on the present and recent related findings (Hughes et al., 2009) , we argue that talker variability effects in order recall tasks highlight a key role for obligatory auditory perceptual organization processes in serial STM performance (see also Frankish, 1985 Frankish, , 1989 Jones et al., 2004 Jones et al., , 2006 Nicholls & Jones, 2002) . Moreover, the available evidence to date suggests further that the ultimate locus of the effects is in the mapping between an ordered representation derived from that perceptual organization and a Role of Serial Order 29 deliberately assembled sequence-plan: When the match between the two modes of organization is relatively poor, order recall is impaired (present Experiment 1, Greene, 1991 , Hughes et al., 2009 whereas when the match is good, order recall is facilitated (present Experiment 2). One important avenue for further investigation, however, will be to determine the balance between the contributions to talker variability effects of the sequence-level processes emphasized here and other, item-level, mechanisms (e.g., voice normalization or incorporation processes, e.g., Goldinger et al., 1991) as a function of the degree to which an order recall task also demands recall of item identity and how the balance of these contributions may, in turn, be modulated by the rate at which items are presented (see Goldinger et al., 1991; Nygaard et al., 1995) . 
